Conducting interfaces modified with reduced graphene oxide (rGO) have shown improved electrochemical response for different analytes. The efficient formation of functionalized rGO based materials is thus of current interest for the development of sensitive and selective biosensors. Herein, we report a simple and environmentally friendly method for the formation of a hemin functionalized rGO hybrid nanomaterial that exhibits remarkable sensitivity to peroxynitrite (ONOO ) in solution. The hemin functionalized rGO hybrid nanomaterial was formed by mixing an aqueous solution of graphene oxide (GO) with hemin and sonicating the suspension for 5 h at room temperature. In addition to playing a key role in biochemical and electrocatalytic reactions, hemin has been proven to be a good reducing agent for GO. The sensitivity of the peroxynitrite sensor is z7.5 AE 1.5 nA mM 1 with a detection limit of 5 AE 1.5 nM.
Introduction
Recent clinical evidence shows the reactive nitrogen and oxygen species (RNOS) to play a fundamental role in aging. In the case of aerobic cells, the RNOS are produced to maintain their integrity when challenged by unsafe environmental exposures such as mechanical stress, UV radiation, toxins in air or water, bacteria, or viruses. Peroxynitrite (ONOO À ), a highly reactive metabolite known to be a potent oxidative and nitrosative agent, is also being clinically ascertained to exert a variety of deleterious and cytotoxic effects in cells and tissues, both in vitro and in living organisms, 1 3 where ONOO À is typically formed by the diffusion-controlled reaction of superoxide ions (O 2 À ) and nitric oxide (NO). 4 As one can appreciate from the ONOO À detection methods aptly reviewed in the literature, 5 7 the quantication of peroxynitrite continues to be tremendously complicated, for a variety of intrinsic obstacles, including the inherent difficulties to accurately reproduce the true in vivo kinetics of PON in the model experiments, 5, 8 the potential of misinterpreting the ONOO À concentration "as determined", if the experimental conditions are not carefully optimized, 4, 5 and the vast complexities of the in vivo real environment, as ONOO À typically interacts with more than one target per unit time, due to its high reactivity. 8, 9 All this amounts to the ONOO À quantication as being one of the signicant challenges in (bio)analytical chemistry. The major challenge in the detection of peroxynitrite anions at physiological pH is its short half-life time (z1 s or less) and its complex reactivity. 10, 11 Indeed, at physiological pH, peroxynitrite undergoes two main degradation routes: protonation into its conjugated acid ONOOH (pK a z 6.8) followed by the formation of the very reactive radicals NO 2 _ and OH_ or follow-up reactions with CO 2 , thiols, metals, etc. 10 The detection and quantication of ONOO À is thus extremely difficult. The most widely used methods for peroxynitrite detection are uo-rescence based techniques. 12 16 Studies on the biochemical roles of nitric oxide and superoxide ions using electrochemical detection methods proved to be great analytical techniques when it comes to real-time, label-free and direct measurements of these reactive species. 17 19 Nevertheless, very few examples of the direct detection of ONOO À by electrochemical techniques are reported in the literature. 6,18,20 25 Amatore and co-workers studied the electrochemical oxidation of peroxynitrite by steadystate and transient voltammetry using platinized carbon microelectrodes.
18,20 22 Xue et al. used manganese phthalocyanine-modied ultramicroelectrodes for the sensitive and selective detection of peroxynitrite anions, released from cultured neonatal myocardial cells induced by ischemia-reperfusion.
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Chemically modied platinum ultramicroelectrodes coated with manganese tetraaminophthalocyanine lms were used by Bedioui and co-workers for the detection of ONOO À in alkaline solution (pH ¼ 10.2) where ONOO À is more stable. 26 More recently, Peteu et al. showed that improved catalytic peroxynitrite activity can be achieved by depositing nanostructured poly(3,4-ethylenedioxythiophene)-metalloporphyrin lms onto carbon ber electrodes.
4,27
Motivated by the reports on the electrocatalytic properties of manganese phthalocyanine or porphyrin-modied electrodes towards the detection and quantication of ONOO À , 28 we report herein on the use of reduced graphene oxide-hemin (rGO/ hemin) nanosheets for peroxynitrite detection. The twodimensional sheet-like rGO structure represents an interesting support for organic and inorganic catalysts with a large open surface area that is readily accessible to substrates/products with a small diffusion barrier. 29, 30 The potential of rGO to support organic molecules such as hemin and other porphyrin species through p-p stacking interactions 29,31 35 makes this material of high interest for electrocatalytic applications. Indeed, hemin-graphene conjugates have shown to exhibit peroxidase activity 34 as well as peroxynitrite reduction activity.
35 Surprisingly, the electrocatalytic properties of graphene-hemin hybrid materials for the detection of ONOO À have not been considered yet.
In this work, we report on the promising potential of an rGO/ hemin modied glassy carbon interface for the sensitive electrocatalytic detection of peroxynitrite at neutral pH. The rGO/ hemin matrix was formed by a facile and environmentally friendly approach based on the reduction of GO with hemin under ultrasonication at room temperature. This differs from rGO/hemin produced by other groups, where the reaction medium for the reduction of GO to rGO comprised ammonia or hydrazine. 29,31 34 Reducing agents such as hydrazine need to be carefully handled due to their toxic nature; the formation of rGO by chemical reduction with less toxic agents is an important alternative. We 36 38 and others 35, 39, 40 have shown that GO can be easily reduced using aromatic organic molecules such as dopamine and tetrathiafulvalene (TTF) under mild conditions. In the continuation of our ongoing work on non-covalent functionalization of rGO using strong electron donors, we investigated in this work whether hemin allows simultaneous reduction of and incorporation into GO nanosheets. The peroxynitrite activity of the novel hemin-reduced graphene oxide (rGO/hemin) was determined by chronoamperometry and voltammetry on a glassy carbon electrode (GCE) coated with the rGO/hemin composite material. Phosphate buffer saline tablets (0.1 M, pH 7.4) were obtained from Gibco-Life Technologies, Grand Island, NY, US. Alumina (0.05 mm) and diamond (1 mm) polishing paste were purchased from ALS, Japan. Glassy carbon electrodes (5 mm in diameter), platinum wire counter electrodes and silver/silver chloride reference electrodes were obtained from Cambria Scientic, Llanelli, UK.
Experimental
Preparation of graphene oxide (GO) and reduced graphene oxide (rGO) modied with hemin (rGO/hemin) Graphene oxide (GO) was synthesized from graphite powder by a modied Hummers method 41 and the detailed experimental conditions are reported in ref. 42 . To 0.75 mL of a homogeneous GO suspension (0.5 mg mL À1 ) in distilled water were added 0.75 mL of hemin (10 mM) dissolved in DMF and ultrasonicated at 130 kHz in a Fisher, Loughborough, Leicester, UK Transonic TI-H-10 ultrasonication bath for 5 h at 50 C. The resulting precipitate was separated from the supernatant by centrifugation (1 h at 14 000 rpm), washed with water (twice) and then dried in an oven at 60 C for 6 h.
Preparation of hydrazine reduced graphene oxide (rGO)
In a typical procedure, hydrazine hydrate (0.50 mL, 32.1 mM) was added to 5 mL of the yellow-brown GO aqueous suspension (0.5 mg mL
À1
) in a round bottom ask and heated in an oil bath at 100
C for 24 h. During this time, the reduced GO gradually precipitated out of the solution. The product was isolated by ltration over a polyvinylidene diuoride (PVDF) membrane with a 0.45 mm pore size, washed copiously with water (5 Â 20 mL) and methanol (5 Â 20 mL), and dried in the oven at 60 C for 6 h. was assessed by UV/Vis measurements at l ¼ 302 nm (3 302 ¼ 1705 mol À1 cm À1 ) as described previously 46 during the electrochemical experiment as well as aer every electroanalytical test by adding a known aliquot of the stock solution to an oxygenated (or air-equilibrated) PBS buffer. In between experiments, solutions were typically kept on ice to minimize any spontaneous degradation.
Electrode preparation
Glassy carbon electrodes (GCEs) were polished with alumina and diamond paste and then sonicated in a mixture of ethanolacetone for 15 min before modication. GCE/rGO/hemin electrodes were prepared by casting a 20 mL drop of rGO/hemin (0.5 mg mL À1 in DMF) followed by drying in an oven at 60 C for 30 min. This was repeated ve times.
On the other hand, GCE/rGO electrodes were prepared by casting drops of 20 mL of rGO (0.5 mg mL À1 in DMF) 5 times followed by drying in the oven at 60 C. This interface was then immersed in hemin (0.5 mM in PBS) for 12 h followed by washing ve times with PBS and water.
Instrumentation X-ray photoelectron spectroscopy. X-ray photoelectron spectroscopy (XPS) experiments were performed in a PHl 5000 VersaProbe -Scanning ESCA Microprobe (ULVAC-PHI, Japan/ USA) instrument at a base pressure below 5 Â 10 À9 mbar.
Monochromatic AlK a radiation was used and the X-ray beam, focused to a diameter of 100 mm, was scanned on a 250 Â 250 mm surface, at an operating power of 25 W (15 kV). Photoelectron survey spectra were acquired using a hemispherical analyzer at a pass energy of 117.4 eV with a 0.4 eV energy step. Core-level spectra were acquired at a pass energy of 23.5 eV with a 0.1 eV energy step. All spectra were acquired with 90 between X-ray source and analyzer and with the use of low energy electrons and low energy argon ions for charge neutralization. Aer subtraction of the Shirleytype background, the core-level spectra were decomposed into their components with mixed Gaussian-Lorentzian (30 : 70) shape lines using the CasaXPS soware. Quantication calculations were performed using sensitivity factors supplied by PHI. Raman. Micro-Raman spectroscopy measurements were performed on a Horiba Jobin Yvon LabRam HR Micro-Raman system combined with a 473 nm laser diode as an excitation source. Visible light is focused by a 100Â objective. The scattered light is collected by the same objective in the backscattering conguration, dispersed by a 1800 mm focal length monochromator and detected by a CCD.
UV/Vis measurements. Absorption spectra were recorded using a Jasco V-570 UV/VIS/NIR Spectrophotometer from Easton, Maryland, US.
Electrochemical measurements. Cyclic voltammetry (CV) and chronoamperometric (CA) experiments were performed using an Autolab PGSTAT 101 potentiostat (Eco Chimie, Utrecht, The Netherlands). The electrochemical cell consisted of a working electrode (GCE), Ag/AgCl as the reference electrode, and platinum wire as the counter electrode. Cyclic voltammetric measurements were performed in PBS (0.1 M) under nitrogen or air at a scan rate v ¼ 100 mV s À1 . CA measurements were performed in PBS at an applied potential of 1.1 V vs. Ag/AgCl. All electrochemical experiments were performed at room temperature controlled at 24 AE 1 C.
Results and discussion
Formation of rGO/hemin nanocomposite material
We were interested in the development of a simple and environmentally friendly approach for the fabrication of an rGO-hemin hybrid material with the hope that such a material would have a good electrochemical response to peroxynitrite. Electron donating organic molecules such as dopamine and TTF have shown to allow simultaneous reduction of GO to rGO and insertion of organic aromatic molecules via p-p stacking interactions. 37, 38 Here we investigate whether hemin moieties would insert within the reduced GO nanosheets being formed under ultrasonication (Fig. 1) .
To illustrate the formation of rGO at neutral pH in the presence of hemin and the simultaneous incorporation of hemin into the formed rGO matrix, we used X-ray photoelectron spectroscopy (XPS) analysis to identify the chemical changes that have occurred on the GO surface (Fig. 2) . Deconvolution of the C1s spectrum of GO ( Fig. 2A) clearly indicates the extensive degree of oxidation. The spectrum can be deconvoluted into four peaks with binding energies at about 283.8, 284.7, 286.7 and 287.9 eV assigned to sp 2 -hybridized carbon, C-H/C-C, C-O
and C]O species, respectively. The C/O ratio of GO is 1.73. Aer the reaction of GO with hemin under ultrasonication for 5 h at room temperature a signicant decrease of the oxygen-bound carbons and sp 3 carbon intensities was observed ( Fig. 2A) ,
suggesting the deoxygenation of the majority of oxygen-containing functional groups. In addition, the increase in intensity of the sp 2 carbon peak at 283. (Fig. 2B ) and of the N1s band (8.3%) at 398 eV. While the binding energy of Fe 2p in hemin is reported to be 712.5(Fe2p 3/2 ) and 726.3 eV (Fe2p 1/2 ) , 47 in the case of hemin supported on rGO a pronounced shi by z2.3 eV in binding energy is observed which suggests strong interaction between hemin and the rGO matrix. A similar effect is seen in the case of the position of the N1s peak, where binding energy shis negatively from 401.8 (hemin) to 397.6 eV aer hemin is supported on rGO (Fig. 2C ).
47
The UV/Vis absorption spectra of GO, rGO/hemin and hemin are displayed in Fig. 3A . A dispersion of GO in water exhibits a maximum absorption at 226 nm, attributed to the p-p* transition resulting from C]C bonds of the aromatic skeleton. A broad shoulder around 297 nm corresponds to the n-p* transition of C]O bonds from carboxylic acid functions. The spectrum of hemin in methanol shows a strong absorption peak at z398 nm attributed to the Soret band, as well as a group for weak peaks between 450 and 650 nm ascribed to the Q-bands. The UV/Vis spectrum of rGO/hemin nanocomposites dispersed in water displays a broad absorption band at 265 nm. The red shi from 226 nm (GO) to 265 nm for rGO/hemin is consistent with the restoration of the sp 2 structure in rGO. An additional broad absorption below and above 400 nm is observed due to the ring p / p* transitions of the Soret band of incorporated hemin. As the Soret band is sensitive to deformation of the ring in defect sites and/or ring stacking this might be an indication of a distribution of microenvironments within the rGO network.
48
Raman scattering is a useful tool to characterize the structural properties of graphene-based materials. Fig. 3B shows the Raman spectra for GO and rGO/hemin presenting the main features of graphene-based materials: a D-band at 1351 cm
À1
, a G-band at 1570 cm À1 and a 2D-band at z2700 cm À1 . 49 The D-band is usually ascribed to the destruction of the sp 2 character and defects in the graphene sheets. 52 suggesting that rGO/hemin has little defects. It is also smaller than that recently reported by Vernekar (I D /I G ¼ 1.06) claiming rGO/ hemin formed from GO by using dithiothreitol as a reducing agent, which was then mixed with hemin under basic conditions. 35 The position and shape of the 2D peak allows identi-cation of single-layer, bi-layer and few-layered graphene.
53,54
Indeed, the line shape of the 2D band of single-layer graphene is unique compared to the others and reects the electronic band structure of graphene. It has a single Lorentzian line shape and a high intensity. As the number of graphene layers increases beyond two layers, the electronic band structure varies and approaches that of graphite. 55, 56 As a result, the line shape of the 2D band also approaches that of graphite. In our case, the 2D band indicates that more than 5 graphene layers are deposited using the drop casting method. This is consistent with SEM investigations, where a lm thickness of about 250 nm is obtained using the drop casting process.
Electrochemical characteristics of rGO/hemin lms
Cyclic voltammetry was used to study the electrochemical behavior of the rGO/hemin matrix. Glassy carbon electrodes (GCEs) were modied with the rGO/hemin nanocomposites (0.5 mg mL À1 in DMF) by drop-casting, widely employed for the formation of graphene-based electrodes given the simplicity of the approach. 57 The thickness of the rGO/hemin matrix was determined by scanning electron microscopy (SEM) to be about 250 AE 20 nm (5 different electrodes tested), which indicates that the method of manufacturing is fairly reproducible. Fig. 4 shows cyclic voltammograms recorded at a bare glassy carbon electrode (GCE) and aer modication with rGO/ hemin. As expected, in the absence of rGO/hemin, no redox peaks were observed in the potential range investigated. By contrast, GCE coated with rGO/hemin exhibits a stable redox peak at about E ¼ 0.4 V that is attributed to the Fe 3+/2+ center of hemin. 31, 34, 58 The amount of hemin (G) incorporated into the rGO matrix was estimated by integrating the anodic peak area according to G ¼ Q/nFA where F is the Faraday constant, n is the number of electrons exchanged (n ¼ 1) and A is the surface area. As the active surface area will be larger than the geometric area of the interface cyclic voltammetric measurements in 10 mM Fe(CN) 6 4À solutions using a GCE interface coated with rGO/hemin by drop casting were performed and a surface area of A ¼ 0.47 cm 2 was determined. The active surface area found is obviously much larger than the geometric one of 0.19 cm 2 . The average surface coverage of electroactive hemin in the rGO matrix estimated on 5 different electrodes using the same rGO/hemin nanocomposites and on 5 different electrodes using rGO/hemin nanocomposites prepared in a second batch was G ¼ (3.6 AE 0.5) Â 10 À8 mol cm À2 . This value is much larger than that reported for hemin-pyrolytic graphite (G ¼ 74.5 Â 10 À10 mol cm À2 ), 59 hemin-multiwalled carbon nanotubes (G ¼ 2.70 Â 10 À9 mol cm À2 ) 60 and is comparable to hemin immobilized on highly ordered mesoporous carbon (G ¼ 1.74 Â 10 À8 mol cm À2 ). 61 The high loading of hemin on rGO indicates the high preferential binding of hemin by p-p stacking interactions with rGO. The anodic part of the cyclic voltammogram of rGO/hemin shows an irreversible wave at about E ¼ +0.95 V vs. Ag/AgCl assigned to ring oxidation of the pyrrole macrocycle in hemin to its radical-cation. 62 The hemin loading of this novel rGO/hemin composite material is indeed exceptionally high. In comparison, a GCE electrode modied by drop casting with rGO formed by reduction of GO with hydrazine followed by immersion of the GCE-rGO interface into 0.5 mM hemin for 5 h to incorporate hemin into the graphene network through p-p and cation-p interactions resulted in a hemin coverage of G ¼ (1.4 AE 0.5) Â 10 À8 mol cm À2 , which is 2.5 times lower than that obtained by the direct reaction of hemin with GO under ultrasonication (Fig. 4) .
Electrochemical investigation of the peroxynitrite activity of rGO/hemin lms
The performance of the rGO/hemin modied GCE towards the detection of peroxynitrite was evaluated by chronoamperometry using the sydnonimine SIN-1 as peroxynitrite producer (Fig. 5A) . While fairly stable in alkaline solutions, peroxynitrite readily decomposes (<1 s) in physiological buffers mainly through the isomerisation of its conjugated acid ONOOH. 63 Voltammetric studies under neutral conditions have thus been proven to be difficult and are mainly performed under basic conditions.
27,64
The use of donor solutions of SIN-1 has thus become widely accepted as one way to overcome this limitation.
28 SIN-1 liberates superoxide anions (O 2 _ À ) and nitric oxide (NO) spontaneously in solution with a 1 : 1 stoichiometry, thereby generating ONOO À continuously for a certain period of time (Fig. 5A ).
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Indeed, in an aerobic aqueous solution SIN-1 decomposes readily to SIN-1A, which in the presence of an oxidant like oxygen forms the unstable SIN-1A radical cation. The latter liberates NO and eventually forms the stable end product 3-morpholinoiminoacetonitrile (SIN-1C).
The performance of the rGO/hemin modied GCE towards the detection of peroxynitrite was evaluated by chronoamperometry using parameters determined from the cyclic voltammetry investigation. Addition of ONOO À , generated from SIN-1, to a GCE/rGO/hemin electrode shows an oxidative wave at E ox,1 ¼ 1.17 V (Fig. 5B ). This wave is close to the oxidation potential of hemin and is thus assigned to the electrochemical oxidation of hemin on the rGO platform. In the presence of ONOO À , an electrocatalytic oxidation ONOO À mediated by oxidized hemin centers seems to occur (Fig. 5C ). 65 The Fe 3+ center in the rGO/hemin lm is oxidized to a high valent iron form (e.g. iron oxo intermediate, [Fe 4+ ]O]) electrochemically at the electrode interface, which, in the presence ONOO À , is re-reduced back to Fe 3+ for further turnovers. The electrocatalytic reaction between hemin and ONOO À occurring at E ox,1 ¼ 1.17 V was used in the following for the sensitive detection of ONOO À (Fig. 6A) . As can be seen from the calibration curve in Fig. 6B the oxidation current scales linearly with increasing ONOO À concentrations. From the slope of the calibration curve, the sensitivity of the GCE/rGO/hemin electrode towards peroxynitrite was evaluated to be z7.5 AE 1.5 nA nM
À1
. The limit of detection (LOD), expressed as the concentration derived from the smallest measure that can be detected with reasonable certainty, was determined to be z5 nM with a relative standard deviation under optimal conditions of less than 5% for 7 samples measured. The detection limit is one of the lowest so far reported for peroxynitrite sensors. Manganese tetraaminophthalocyanine modied platinum or Pt/C microelectrodes showed a LOD ¼ 5 mM (ref. 64 ) and 20 nM, respectively. 23 In addition, the LOD determined for peroxynitrite on the GCE/rGO/ hemin electrode is lower than that recently reported for nanostructured polymerized EDOT/hemin carbon ber microelectrodes (LOD ¼ 200 nM) 27 and poly(cyanocobalamin)-modied GCE (LOD ¼ 100 nM). 29 The in situ hemin functionalization of rGO as described in this work is crucial for achieving the relatively high sensitivity and low detection limit for GCE/rGO/hemin electrodes. In fact, electrodes modied with rGO puried from a hydrazine-driven reduction process of GO, and immersed in hemin solution for a period as long as 5 hours, do not reproduce the sensitivity and detection limit observed for electrodes modied with the "one-pot" rGO/hemin material. Fig. 6B shows that hemin-treated rGO-modied electrodes have a signicantly low sensitivity compared to rGO/hemin electrodes (0.6 nA nM ). Also, their detection limit is relatively higher (11 nM). The amount of hemin incorporated onto the electrode seems to be crucial for the sensitive detection of peroxynitrite. The amount of hemin incorporated into the chemically formed rGO/hemin matrix is 2.5 times larger than that on rGO postmodied with hemin. The higher hemin loading in the "one-pot" preparation of the rGO/hemin material is probably facilitated by the large surface area provided by GO during the reduction process under ultrasonication in the presence of hemin. 
Conclusion
In conclusion, we have demonstrated in this paper that rGOhemin conjugates can be easily prepared by simple mixing of GO with hemin and ultrasonicating the mixture for 5 h at 50 C without the use of any additional reducing agent or base. The obtained rGO/hemin nanocomposite was highly stable and tested as a sensitive platform for peroxynitrite detection in neutral pH. We showed that the sensitivity of the rGO/heminmodied electrodes for peroxynitrite was z7.5 AE 1.5 nA nM À1 with a low nanomolar detection limit of z5 AE 1 nM. For comparison, the sensitivity of rGO formed by hydrazine reduction and post-modied with hemin was almost an order of magnitude lower at $0.6 nA nM À1 and at a detection limit of 11 nM. The fundamental reasons for such an enhancement are diverse and need to be investigated in the future. In general, several combined features of the graphene support may contribute to the enhanced performance. Firstly, graphene provides a two-dimensional support with large open and accessible surface area where the diffusion of peroxynitrite is much easier, which could be benecial for the surface-driven electrocatalytic activity. Secondly, graphene-supported hemin could prevent hemin molecules from self-polymerization (or p-p stacking) and thus increase the available active sites. Thirdly, the amount of hemin present on the electrodes seems to be crucial. The amount of hemin incorporated into the new rGO/hemin matrix is 2.5 times larger than that on rGO post-modied with hemin. While additional work is needed to shed more light on the catalytic mechanism at play, the study clearly highlights the importance of the use of graphene supported hemin as a general strategy for the fabrication of highly sensitive peroxynitrite sensors. Efforts to transfer graphene-hemin to micrometric electrodes are currently under way.
